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I INTRODUCTION 
 
Currently there are no well functioning reserve markets in use in the US. There is some 
evidence that a well functioning reserve market can help mitigate price spikes and solve 
the capacity problem. Currently reserves are thought of as having time dependent 
properties, that is, they must be spinning or able to synchronize in ten minutes or able to 
synchronize in thirty minutes.  However, it is well known that given a network that can 
become constrained on voltage or real power flows, reserves must also be spatially 
located in order to handle all the contingencies that could occur.  To date, there is no 
credible science-based method for assigning reserves in this way.  Virtually all methods 
are ad-hoc and are based on engineering judgment and experience.  The purpose of this 
work is to develop a sound basis and a methodology for assigning both real energy as 
well as reactive reserves. 
 
In the arena of deregulated electric power markets, the concept of location-based 
marginal pricing (LBMP) is well-established and is commonly used to set electricity 
prices at a nodal level, making it possible to assign the cost of congestion to the locations 
that create it in the first place.  However, in the reserve power markets, no standard 
methods for location-based pricing of reserves exist.  Part of the problem lies in the fact 
that reserves must be sized and located to help the system survive major changes in the 
configuration of nodes with injections and changes in network topology due to line 
outages.  Traditionally, within each control area a certain amount of operating reserve is 
required, the assumption being that all generators in a given area cooperate to configure 
the flows to maintain the system in operation.  In a deregulated market, however, no 
cooperation exists and it may be possible that redispatching becomes extremely 
expensive.  Thus, it is hard to identify predefined areas, each with its own reserve 
requirements. 
 
This project is exploring several options for the solution of the reserve scheduling 
problem that are also compatible with the idea of a deregulated reserve market structure.  
One of the major questions is whether it is possible to devise a cost-minimizing 
scheduling algorithm for the spatially distributed reserve problem that reveals the 
location-based shadow prices for the reserve requirements.  The constraints imposed by 



grid security considerations should be taken into account in the procedure.  If this major 
question is answered in the affirmative, a framework for a reserve power market based on 
the computed shadow prices should be derived automatically from it. 
 
II PROBLEM FORMULATION 
 
Reserves are necessary to provide for contingencies and changes in load over future time 
intervals. Contingencies involving both lines and generators must be provided for. In 
terms of the optimization problem we consider a base case plus a list of other cases 
including contingencies and different loads. It is common to formulate the unit 
commitment problem with an index i for generating units and t for time slice. Here we 
substitute the index k for contingencies (possibly including the time slice). 
 
Rather than the unit commitment formulation 
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we suppress the unit commitment portion of the problem and concerns with ramp rates 
until section III and focus on the concept of reserves by attempting to minimize the 
expected cost  
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where pk is the probability of the kth contingency, G is a matrix of generator powers and 
Rik is the reserves needed from generator i for contingency k. The dependence of the 
reserve matrix R on the generation matrix G is important in constructing a suitable 
algorithm. Consider a simple example with three generators, a base case and three 
contingencies as shown in Table 1. 
 
 Generation   Reserves   
 Gen1 Gen2 Gen3 Gen1 Gen2 Gen3 
Base 50 250 100 100 0 50 
Contingency1 50 200 150 100 50 0 
Contingency2 100 150 150 50 100 0 
Contingency3 150 150 100 0 100 50 

 
Table 1 A Simple Example 

 
The generation for the base and for each contingency is found from an Optimal Power 
Flow (OPF). This isn’t a requirement but does provide a good initial guess for the 
optimization. The three generators represent different situations in terms of reserves. G3 
produces 100 MW of energy in the base case and is required to increase its output to 150 
MW for two of the contingencies. If one of those contingencies should occur G3 will be 
paid for generating 150 MW. In the other two cases, the base and contingency 3, G3 is 



paid (presumably at some other rate) for 100 MW of energy and 50 MW of reserve. The 
case for G1 has the minimum output from G1 as the base case with maximum reserves of 
100 MW. Contingencies 2 and 3 result in more output from G1, more energy payments 
and less reserve payment. G2 has maximum output in the base case with decreased output 
for all three contingencies. Note that if contingency 2, for example, happens G2 is 
required to limit its output to 200 MW. Since we might return to the base case after a 
contingency,  we regard the 50 MW required to return G2 to 250 MW as a reserve. Thus 
there is a reserve pattern for each contingency.  It is assumed that given a generation 
pattern G that the reserve matrix R, is computed from G.  For the example, 
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In general R can be computed from G as follows: Let R1=max(G) be a row vector 
containing the maximum of each column of G,  
 
For the example. 
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Then, R= ones(K,1)*R1-G, i.e.,  
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Given any G a matrix R can then be computed. The OPF minimizes energy costs but does 
not consider the reserve cost. In the lossless transmission example note that the reserve 
definition produces 150 MW of reserve for the base case and each contingency. If the 
cost of reserves were the same for all generators then there would be a constant cost for 
reserves and the generation pattern would not affect the reserve cost. The new 
optimization is necessary, and there are locational reserve prices if there are losses and 
line constraints. 
 
 
 
 
 
 



The optimization problem is to minimize the expected cost 
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subject to line constraints and energy balance constraints. As an example consider the 
system in Figure 1 with the two tie lines (4-12 and 23-24) constrained to flows of 10 
MVA and with offers from the six generators in the form of Figure 2. (note that f.(.) and r 
(.) are then piecewise linear)  The optimization is performed with the additional 
constraint that for each generating unit the sum of generation and reserve is less than or 
equal to the unit’s capacity. If DC load flow assumptions are used for the line constraints 
then the piecewise linear cost function can be manipulated so that a linear programming 
problem is produced. The alternative is to use AC power flows for the line constraints in 
order to incorporate reactive power and voltage issues into the reserve environment. The 
modified work statement (section IV) involves the development of software modeling the 
system in Figure 1 with offers as shown in Figure 2. At this size it seems reasonable that 
the AC power flows can be used even if this turns out not to be the case for very large 
systems  
 
A numerical simulation was run to test the linear program version using the system 
shown in Figure 3 .  The simulation involves a base-case and 30 line-out contingencies 
The contingencies were chosen such that if they occurred they would not cause the 
system to island.  Figure 3 shows the optimal dispatch for each generator as a function of 
the contingencies.  The “biggest” contingency is contingency #21, in which line No.28 
(the line connecting bus 15 and bus 23) is out. In that case, Generator #6 must supply 
most of the demand in area 2 because of the tie-line limit.  So the answer to the locational 
reserves problem for this case is that generator #6 must supply all the reserves.  Clearly 
then, generator #6 has reserve market power and could offer any price (presumably a 
high one) into the reserve market and get it  This is consistent with the situation observed 
in New York last year. 



 
 
 
 
 

Figure 1. Sample System 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Block Prices for Energy and Reserves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Figure 3:  Optimal generation dispatch for the six generators in 
    Figure 1 and 30 line contingencies 
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ÙrÚ < × Ý�ß Ç È*Ê�Ë�Æ?Ì uc£^³�z
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�Ù Þ �< × �Ý�ß Ç �È u Ê=ËB��Ê z Ë �Æ?Ì u¶àJàJz
× �þ ù �ÿ �Ê ù �þ u¶àV¥{z

Û�ÜkÝ ø�÷ Ï ù �> ù Û0Ü
Ý ø�ú¡û u¶àP³�z
Û�Ü��ÝC� ù � > ù Û0Ü��Ý$� u¶àJ�Jz
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Ë Ïkdf èhg � Ï âf ÷ g � _ ÷_ð è u4< ÷Rð è × Û ÷_ð è > ÷_ð è z
Ë Ï df èhg � Ï?âf ÷ g � a�÷_ð è u �<^é ü ê × ÛT÷_ð è �> ÷_ð è z u¶à"�Jz

Ç Ï?âf
÷ g � Ï dfèhg � l ÛT÷_ð è ó¢÷¡u > ÷_ð èm z Ë�õ ÷_ð è uwÛ¢÷Rðji±z × _F÷_ð è ÛT÷_ð è > ÷_ð è × a�÷_ð è ÛT÷_ð è �> ÷_ð èon

Ë Ïkdf èhg � Ï âf ÷ g � u�_ ÷_ð è < ÷_ð è Ë a ÷_ð è �< ÷_ð è z u¶àV²{z
Ç c � u Ø ü _ ü a�z Ë c � u�X ü _ ü a�z u¶àV¯{z
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Ë Ï dfèhg � Ï?âf ÷ g � _F÷_ð è u4<?÷_ð è × Û¢÷Rð è > ÷_ð è z
Ë Ï dfèhg � Ï?âf ÷ g � a�÷_ð è u �<?÷_ð è × ÛT÷_ð è �> ÷_ð è z u�¥M£¬z
Ë Ï dfèhg � Ï âf ÷ g �xwà u�<?÷_ð è × ÛT÷_ð è > ÷_ð è z �
Ë Ïkdfèhg � Ï âf ÷ g �xwà u �<^é ü ê × Û ÷_ð è �> ÷_ð è z u�¥{àJz
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Ïedfèhg � Ï?âf ÷ g � w u4< ÷Rð
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X=DFEe['E�CODFE�u4y × £¬z�A'LF`MQ_SFbFEnmWE?A�bFE?SFHPCOE�CODFE6]PNVURLFE?A�HV`MC|NVQRSFE?baQRS/CODFE�KM['Ee]gQRHJLFA�bFLTNPUJQRC'E?[ON�COQ_HVS�}���HJS{]JEe['tJEeSFG?EQ_S0C'DFE=G?HJS{]JEnm�G^NVA�E.DTNPA\`jE?EeS�KM['HY]JEeb��wHJ[ {F� à w X=QRCOD�NaU_QRI�QhC�HJS�CODME�AcCOEeKqA'QRÓ?E=bFEeK�EeSFbFQ_SMtpHJS w �¤£Y²WfgàV���¶}~
DFEx['EeA'LFUhCOQ_SMt � NPtJ[ONVSMtJQsNVS�G?NVS�`�Ea[�E^NV[�[ONVSFtVE?b�Q_S�CODFEa�wHJURU_HYX=Q_SMt*IqNPSFSFE?[��c uôÛ ü > ü < ü �> ü �< ü _ z � � ü a z � � z Ç

µ



Ïeâf
÷ g � Ï dfèhg �

��� �� Û ÷Rð è ó ÷ u > ÷_ð è z Ë�õ ÷Rð è uôÛ ÷ z
Ë��� uwÛ ÷_ð è > ÷_ð è z � × u4_ ÷Rð èz � � Ë w � ÷_ð

èz � � Ë { Û ÷_ð èz � � > ÷Rð èz � � zcÛ ÷_ð è > ÷Rð èË �� uwÛ ÷Rð è �> ÷_ð è z � × u�a ÷Rð èz � � Ë w �� ÷Rð
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� ����
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[�E?UsN¬mFN�COQ_HVS!COEe['I�AiNVSFb*X=QRC'D[�E?A�C'['QRGeCOQRHJSFAxu¡£^³Ffh£¬�Wf àJàJz"fMNVSFbvu¶àV¥Jz"}
àW}   E"]JEe[ONVU/bWdWSFNVI�QRG�KF[�HJtJ[ONPI�Aef
HJSFE��wHJ[�E^NVG|D�tJEeSFE?['NPCOHJ[ef.HVS�CODFE�]PNV[�QsNV`MU_E?A�uôÛ ü > ü �> znf
X=QRCOD GeHJA�C'A�ôNVG"COHJ[�E?b�`jHVCOD;�w['HVI%CODME0HJ['QRtJQ_STNPU�GeHJA�Ca�wLFSMGeCOQRHJSoNVSFb;CODME�NPLFtJI�E?S{C|NPC'Q_HJS�NVSFb�['EeUsN�mMNPC'Q_HJS�C'E?['I�A?fC'HJtJEeC'DFE?[
X=QhCOD9G?HJSMA�CO['NVQ_S{C'A!u¡£YµMfh£A�Wf àP³�znfFNVSFbvu¶àV�Jz"}
¥M}8�&LMURCOQRKFU_QRE?[�A�C'DTNPC6NVG?GeHJI�KFNVS{dpC'DFEk['EeUsN�mWEeb*G?HJSMA�CO['NVQ_S{C'A=uc£Y²Jz�NVSMb�u¶àVµ{znfJNVSMb*X=DFQ_G|D*G?NVS0`jE�LFKjbTNPC'E?bLFA�Q_SFt�N0A'QRI�KMU_E/A�LF`FtJ['NVbFQ_EeS{C.[�LFU_EaQRS9HJ['bFEe[
COH�IqN¬mMQRI�QRÓ?EBC'DFElbFLTNVU�fMQ�}åEP}_ z Ç _ z � � Ë�� z � z � �a z Ç a z � � ËB� z �� z � �

@kClCODFQRAlK�HJQRS{C^f�CODFE�['EeA'LFUhCOQRSFt9bFLTNVU�HJKWCOQ_I�Q_Ó?NPCOQRHJS;NVURtJHJ[�QRCODMI%EnmMDMQ_`FQhCOAaCODFE�A�E?KTNV['NPCOQRHJSoKF['HJKjE?[cCOQRE?AaCODTN�CXZEpEnmMKjE?G"C.�w[�HJI N � NVtJ['NVSFtJQ_NVS�['EeUsN�mMNPC'Q_HJS�C'['E?NPCOI�E?S{C^}
����� ���V�������x ¢¡�£o¤¦¥V�
��C�Q_A=NVKMKF['HJKM['QsN�COEBC'H�I�NVyVEaA�Ee]VE?[ONPU�HJ`MA'E?[c]PNPCOQRHJSFA
SFHYXl}
£J}=~
DFE\NVURtJHJ[�QRCODMIÖQRS{]JHJUh]JE?A�C'DFEiA'HJURLMCOQRHJSFA?f�NPC�E?NVG|DxbFLTNVU{QhCOE?['NPCOQRHJS�f^HP�MKjHVCOEeS{COQsNPU_URd=]VE?[�dlU_NV['tVE6A'EeG?LF[�QRC�d{�GeHJSFA�C'[ONVQRSFE?bãHVKMCOQRIqNVUaURQ_SFE?NV[�K�HYXZE?[ � HYX=Aef*HJSFEo�wHJ[�E?NVG|DãCOQ_I�E"��K�Ee['QRHWb�}�~
DFEeA'E�KF[�HJ`FURE?I�A�NV[�E®�LTNVbM[ONPC'Q_GaKF[�HJtJ[ONPI�A�X=QhCOD�URQ_SFE?NV[kG?HVSFA�C'[ONVQRS�C'A?fMX=DMQ_G|D�G^NVS9`jEaA'HJUh]JE?b�E���GeQ_E?S{C'URd�`{d�I�HgbFE?[�S�QRS{COE"�[�Q_HJ[ZK�HJQRS{CkI�EeCODMHWbFA�A'LFG|D&NVA�C'DFHJA'EaQRI�KMU_E?I�E?S{C'E?b�QRS�§`¨ª©�¨ª«Â�±¥{à¬��}�~
DFEabMdgSTNPI�QRG/KF['HVtJ[ONVI�I�Q_SFtA�LF`FKF[�HJ`FU_EeI�A�NV[�E&[�E?UsN�COQR]VE?Uhd�A'QRI�KFURE9NVSFb�Q_SFGeU_LFbFE9CODME&URHJtJQ_G�C'HvEeSM�wHJ['GeE�C'DFE�I�Q_SMQ_I*LFI LFK�NPSFbbFHYX=SW�¶COQRI�E=G?HVSFA�C'[ONVQRS�C'Aa��àV¥Mf�³6���43gSFH*A'KjE?GeQsNVU¢A�HV�§C�XkNP['E/QRAZ[�E?®�LFQ_[�E?bqC'H!A�HJUR]VE�C'DFE?I�}�@BURA'H!SMHVCOE=CODTN�CQRS�KF['QRSFG?QRKFU_EPf6QRC0QRA*KjHJA'A�Q_`FUREqCOH�Q_SMG?U_LMbFE�N�SFHJSMU_Q_SME^NV[p@���SFE"C�X�HJ[�y � HYX I�HgbFE?UZLFA'QRSFt�CODFE�A'NVI�E�wHJ[�I*LFU_NPCOQRHJS�f�NVAlQRS��´³6�Wf��V�¬�¶}Z7.HYXZEe]JEe[?f�C'DFE�]JE?[cdoUsNV[�tJE0SFHJSFURQ_SFE?NV[aHJKMC'Q_I�NVU � HYX«KM['HJ`FURE?I�A/CODTN�CXZHJLFURbq['EeA'LFUhCiX=DFE?SqXZEBQRSFG?URLFbFE�A'E"]JE?['NVUjK�HJAcC���G?HJS{COQRSFtJEeSFGed�A'E"COAZHV��]PNV[�QsNV`FURE?A�XZHJLFU_b�`jE.bFQh��G?LFUhC\C'HA�HJUR]VE*X=QRCOD�GeLF['[�E?S{C0ìaíiî�COEeG|DFSFHJURHJtVd��wHV[/I�HV['E*CODFNVSq°�LFA�CpNq�wEeXÂG?HJS{C'Q_SFtJEeSFG?QRE?Ae}0@BAaUsNP['tJEn��A'G?NVU_ESFHVSFU_QRSFE^NV[
HVKMCOQRI�QRÓ^NPC'Q_HJS�COE?G|DMSFQ_®�LFEeABG?HVS�C'Q_S�LFElCOH�Ee]VHJUR]VEVf¢QRC=I�N^d�`�ElKjHJA'A�Q_`FUREaCOH�Q_SFGeU_LFbFE/C'DFEl�wLFU_U@���K�HYXZE?[ � HYX-Q_S�C'DFEa�wHJ['I*LMUsNPC'Q_HJS�}

�



àW}=~
DFE¬a¨I!LFURC'Q_KFURQ_E?[�A=NPCBC'DFE!A�HJU_LWCOQ_HVSFA�X=QRU_U�G?HVS�]VEed;QRSM�wHJ[�IqNPC'Q_HJS9NP`�HJLWCBCODME*KF['QRG?ExC|NVtqNPC'CONVG|DFE?b�C'HI�NVy�Q_SFtlCODMEBbFQRA'KTNPC'G|D�A'EeG?LF[�EaNVt{NPQ_SFAcCkNxtJQR]VE?SqGeHJS{COQRSFtJE?SMGedJ}i~
DFQRAZQRAZLMA'Ee�wLMU�Q_SW�wHJ['I�NPCOQRHJS*CODFNPCkG?NVS`jElLFA'Eeb�C'H�KF[�Q_GeEa['E?A�E?[c]JEV}
¥M}=@kC.CODFQRA.KjHJQ_S{C?f�QhCBQRABNVKMKF['HJKM['QsN�COElCOHqGeHJS{COQRSgLME!CODFEpbFQ_A�G?LFA�A'QRHJS�HJS�CODFE*URH{NVbW�¶�wHJU_URHYX=Q_SFt*LMSFQRC'A?}�~
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IV WORKPLAN.  
 
The modified workplan is: 
 
Task 1. Develop a combined economic and technical model for New York State Thomas. 
Jan 1, 2001 - July 1, 2001 
 
Task 2. Formulate the reserve commitment problem as an optimization problem. Thomas 
and Thorp April 1, 2001 - Sept 1, 2001 

a) Conceptually as a nonlinear (stochastic) optimization problem 
b) Approximate linear problem formulation 

The problem is related to the unit commitment problem but must include a set of credible 
contingencies. The value of an accurate linearization is that some form of Linear 
Programming could be used and the dual variables obtained from the solution could yield 
marginal prices. 
 
Task 3. Develop algorithms to solve the reserve commitment problem. Thorp.  Sept 1, 
2001 - March 31, 2002 
 
Task 4. Experimental testing of multidimensional energy/reserve markets using the 
software and human decision makers. Thomas and Thorp. Jan 2002- Dec 2002 
 
Task 5. Develop techniques for reducing the number of contingencies used in the reserve 
calculation.  Thomas July 2001- Sept 2002 
 
Task  6. Test and modify the algorithms on the New York model. Sept 2002 - Dec 2002 
 
Task 7, Prepare final report Thomas and Thorp Sept 1, 2002 - Dec 31, 2002 
 
 
 


	II PROBLEM FORMULATION
	Reserves are necessary to provide for contingencies and changes in load over future time intervals. Contingencies involving both lines and generators must be provided for. In terms of the optimization problem we consider a base case plus a list of other
	Rather than the unit commitment formulation
	we suppress the unit commitment portion of the problem and concerns with ramp rates until section III and focus on the concept of reserves by attempting to minimize the expected cost
	where pk is the probability of the kth contingency, G is a matrix of generator powers and Rik is the reserves needed from generator i for contingency k. The dependence of the reserve matrix R on the generation matrix G is important in constructing a suit
	Generation
	Reserves
	Gen1
	Gen2
	Gen3
	Gen1
	Gen2
	Gen3
	Base
	50
	250
	100
	100
	0
	50
	
	
	Contingency1
	50
	200
	150
	100
	50
	0
	Contingency2
	100
	150
	150
	50
	100
	0



	Given any G a matrix R can then be computed. The OPF minimizes energy costs but does not consider the reserve cost. In the lossless transmission example note that the reserve definition produces 150 MW of reserve for the base case and each contingency. I
	
	
	The optimization problem is to minimize the expected cost




	subject to line constraints and energy balance constraints. As an example consider the system in Figure 1 with the two tie lines (4-12 and 23-24) constrained to flows of 10 MVA and with offers from the six generators in the form of Figure 2. (note tha

